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Abstract
The increased capacity of the modern battery system has also brought about safety
apprehensions. Uncontrollable runaway reactions are a big concern in these systems; these
reactions are the result of in situ heat generation and very much increase the risk of
explosions and device failures. The concept of this work is to provide a preliminary
understanding into the use of a type of switchable solvent known as reversible ionic liquids
(RevILs) and their feasibility in being used in electrolytes as a thermally-controlled
reversible safety switch. In their pure forms these switchable solvents experience a
dramatic change in their properties upon introduction of an external stimulus, in this case
temperature and CO2.
This thesis investigated the properties of 3-aminopropyl trialkylsilylamine RevILs
(TEtSA, TPSA, and THSA). Conductivities of these RevILs when mixed with organic solvents
were studied. It was found that when protic methanol and aprotic DMSO were used as
solvents, the conductivities of these solutions increased dramatically in their RevIL form
but remained essentially non-conductive in their molecular liquid state. Conductivity was
also found to have a decreasing trend as the alkyl chain length was increased on the
molecule. The addition of zinc salts like zinc chloride and zinc acetate dihydrate were also
found to increase conductivities 20-40% for a 5mol% TEtSA-RevIL DMSO solution. A
Walden plot analysis was conducted on the TEtSA RevIL solution to evaluate the ionicity of
the system. The ionicity analysis suggested a dissociation of ions that approached 1% ideal
ionicity.
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Section 1: Introduction
To keep pace with the power demands of today's advancing technology, the energy
densities of batteries has also been proportionally increasing. However, with this increased
energy output capacity have come increased hazards. In recent years, fires and explosions
associated with the lithium ion batteries of everyday devices have become commonplace
and is starting to have a dramatic effect on everyday life

1-3.

This thesis explores the

properties of three alkyl-type based silylamine reversible ionic liquids for their use as a
thermal safety switch in batteries.

1a. Heat Generation
Fires and explosions in battery systems are usually the result of the compounding of
a multitude of issues. Today's lithium ion batteries combine highly oxidizing and reducing
materials to create a high volume of energy. These energetic materials are then put into a
flammable electrolyte that also has a high vapor pressure

4,5.

Initial heating of the battery

can come from improper use of devices and heat conducting in from other device
components in the vicinity of the battery. To compound matters, battery components are
typically placed in cells that are poorly designed to dissipate heat 6. If the rate of generation
of heat is greater than the rate of dissipation in the device, temperatures in a battery will
rise.
A major source of heat generated in batteries is from within the electrolyte. Current
electrolyte systems comprise of a mixture of dimethyl and/or diethyl carbonate (DMC,
DEC) and ethylene carbonate (EC); lithium salts such as lithium hexafluorophosphate
(LiPF6) are added in to increase energy potency. LiPF6 exists in equilibrium with its
decomposition products LiF and PF5 as shown in equation 1 below.
Podder 2

[eq. 1]
LiF is a insoluble salt that precipitates out of the electrolyte solution and PF 5 is a strong
gaseous Lewis acid. Increasing temperature favors the formation of more decomposition
products. Degradation of solid LiPF6 begins at temperatures of around 100 C and the
dissolved salt begins to degrade at even lower temperatures 7. The formation of PF5 is
significant because it can react with the LiCO3 solid electrolyte interface (SEI) layer on
electrodes, as seen in equation 2. This leads to the layer's decomposition, which in turn,
exposes the lithiated graphite electrodes directly to the electrolyte.
[eq. 2]
Once the graphite electrode is directly exposed to the electrolyte components, a multitude
of exothermic reactions become possible. The equations below show how intercalated
lithium from within the graphite electrode interacts exothermically with DMC and EC 8.
[eq. 3a]
[eq. 3b]
While these electrolyte solutions are stable for small scale and low power
applications, any heat imbalance or strain induced during use of high power and improper
use can also result in a runaway degradation of DMC and DEC to free radicals 7. These free
radicals react with surrounding molecules to create a cascading effect and thermal
runaway 7. If heat continues to improperly dissipate, device failures such as fires and
explosions can occur 6.
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1b. Dissipation Systems
Heat dissipation and mitigation are the keys to thermal safety in today's battery
systems. Electronic devices today use a variety of techniques such as the implementation of
vents, heat sinks, coolants, thermal fuses and breakers to mitigate heat 6. But many of these
techniques are not possible or do not work as effectively in smaller, high powered portable
devices.
Safety feedbacks within the battery cells themselves have begun to be incorporated.
Shutdown separators made from polyolefin micro-porous films are being built in between
the anode and cathode of a cell 7. These films melt when critical temperatures of around
130 C are reached, essentially shutting off the battery by preventing the transport of
charge between the anode and cathode 6,7. A major drawback of this system is that once the
separator melts, the battery is deemed inoperable; essentially the battery is destroyed in
order to prevent it from becoming a safety hazard.
Electrolyte systems themselves are being designed with the intent of being more
thermally safe. Electrolytes with flame retardants are being engineered so that free radical
propagation is disrupted and runaway is averted 5. A schematic of this system is illustrated
in Figure 1 below. The downside of this system is that in order to have a fully thermally
insulated electrolyte, high concentrations of additives are required, which induces a poorer
performing battery system 7. However, the development of flame retarding additives
continues, with scientists seeing this as a possible solution to the problem over a broad
range of battery types 9.
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Figure 1. Free Radical Formation from the degradation organic solvents used in
battery electrolytes and the effect of flame retardant additives in preventing thermal
runaway 7.
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1c. Safety Switch Electrolyte Concept
As technologies continue to grow, higher and higher capacity batteries systems will
be required to power them. But if the battery systems are not properly designed, the
technologies themselves become too risky for use, negating any benefits that they may
bring 10. The next generation safety systems in batteries would not only have to be reliable,
they would also have implement techniques that do not adversely affect battery
performance.
One safety concept to explore is the use of a thermally activated safety switch. This
thermally activated feedback concept is being explored for use in a multitude of ways
within battery systems. Research is being done on materials that would coat the electrodes
of batteries and make them respond and "activate" when high temperatures are reached in
order to shut down the battery

11-14.

All these systems aim to prevent the exothermic

electrode-electrolyte reactions that occur at elevated temperatures as described above.
This safety switch would make use of a multifunctional electrolyte where the
electrolyte would control battery operation depending on the cell temperature as shown in
Figure 2. Under normal operation, the electrolyte would allow the battery to function as
intended by the manufacturer. However, when an undesired thermal elevation occurs, the
electrolyte itself would act as a feedback for the system and shut off the flow of ions,
effectively shutting the system down. Once temperatures return to safe levels, the
electrolyte would once again allow for normal operations.
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Figure 2. Concept of a thermally activated safety switch (figure courtesy of E.J.
Biddinger).

This concept of an electrolytic safety switch has been explored using similar
systems. A thermally responsive copolymer, poly (N-isopropylacrylamide-co-acrylamide)
has shown that it can transition from a conductive hydrophilic state to a non-conductive
hydrophobic state by an increase in temperature

15.

Research done by Yang et al., has

shown that these thermally activated state change copolymers can potentially be exploited
for their use in the electrolytes of supercapacitors 15.
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1d. Reversible Ionic Liquids
This thesis explores the use of Reversible Ionic Liquids (RevILs) and its possibility
to be used as a thermal safety switch within the battery electrolyte. RevILs are switchable
"smart" solvents that can have their properties switched on command

16.

This property

switch usually occurs using a condition change like temperature or pressure. These
switchable solvents are being investigated for uses in a wide variety of applications from
solvents in organic synthesis and separation to carbon capture 16-20.
The focus of this thesis are silylamine type reversible ionic liquids, which were first
investigated by the Eckert-Liotta group as a single component thermally controlled
switchable solvent

21.

Their research focused on using trialkoxysilylamines and carbon

dioxide to form an ammounium-carbamate RevIL solution and showed how they could be
used to purify crude oil. The nonpolar nature of trialkoxysilylamines allowed it to be
miscible with crude oil and form a single phase solution. This nonpolar state was referred
to as the molecular liquid (ML) state. As shown in Figure 3, upon reacting the ML with CO2,
the formation of the more viscous ionic ammonium-carbamate species occurred. At this
point due to the differences in polarities, the valuable nonpolar alkane hydrocarbons in the
oil were separated out after centrifuging and decanting. The leftover RevIL was then
reversed back to the trialkoxysilylamines, simply by heating the solution. This system
highlights how the trialkoxysilylamines RevIL can exist in two phases: 1) a non-ionic, low
viscosity ML phase and 2) a significantly more ionic and viscous RevIL phase. The duality of
the two phases allows for some interesting uses as illustrated with the crude oil separation
technique above.
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Figure 3. Schematic of the general structure for thermally controlled silylamine
type reversible ionic liquid. Synthesized in a molecular liquid phase (left) then
converted using carbon dioxide to form an ammonium-carbamate pair (Reversible
Ionic Liquid phase, right) 22.

Further studies have been done on these silylamine type RevILs for their use in
carbon capture applications 23-26. Using physical properties such as reversal temperatures,
viscosities and CO2 uptake capacities, past researchers were able to see how viable these
systems could be for efficiently capturing gases.
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1e. Triethoxysilylamines and Their Relevancy towards a Thermal Safety Switch
Jimenez, Jung and Biddinger explored the use of these RevILs as an electrolyte by
studying the ionicity 22. To understand these RevILs from an electrochemical perspective,
Jimenez took conductivity measurements of the two phases of

3-aminopropyl

triethoxysilylamine (TEtoxySA). The structure of TEtoxySA is shown in Figure 4.

Figure 4. Structure of TEtoxySA ML.

Measured in inverse ohms, inverse cm (Ω-1  cm-1) or Siemens (S), conductivity represents a
measure of the transport of ions within a material. It is a good indicator of how well an
electrolyte would perform. Jimenez found that the conductivities of both the RevIL and ML
phases of pure TEtoxySA are low and essentially nonconductive. However, his study found
that the addition of solvents affected the conductivities. As shown in Figure 5 and Figure 6,
adding polar and aprotic solvents like dimethyl sulfoxide (DMSO), methanol, and formic
acid greatly increased the observed conductivities of RevIL solutions

22.

It was also

observed that the ML solvent solutions remained essentially nonconductive when
compared to their RevIL counterparts. The highest conductivities were observed at low
mole percentages of TEtoxySA-RevIL's in solvents.
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Figure 5. The effect that different solvents have on conductivity of TEtoxySA at
different mol% of solutions 22.

Figure 6. A more detailed view for a section of interest from the plot in Figure 5
above 22.

This duality in the conductivities indicated promise in using these silylamines as a
thermal safety switch. In a normal operating battery, the electrolyte would be a solution of
RevIL and once the system starts to heat to a critical reversal temperature, the electrolyte
RevIL would release CO2 and change to its ML phase. Because the ML phase solution would
Podder 11

be nonconductive, the battery would cease to operate until temperatures decrease. Once
safe temperatures are reached, CO2 would be reabsorbed to the system to re-introduce
RevIL into the electrolyte and continue normal operation.
This thesis expands on the work by Jimenez and the Biddinger Green Chemistry and
Energy Group at The City College of New York into the development of the safety switch
using these silylamine-type RevILs. The research done in this thesis uses 3-aminopropyl
trialkylsilylamines, which are much less water sensitive than their alkoxy counterparts. By
studying the properties of these alkyl silylamines, their feasibility for their use as a
potential battery safety switch was evaluated.
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Section 2: Experimental Methodologies
2a. Synthesis of Trialkylsilylamines
The much less water sensitive trialkylsilylamines are not available commercially, so
the MLs were synthesized in house. The three trialkylsilyamines studied in this project are
3-aminopropyl triethylsilylamine (TEtSA), 3-aminopropyl tripropylsilylamine (TPSA), and
3-aminopropyl trihexylsilylamine (THSA); their structures are provided in the Figure 7.

TEtSA

TPSA

THSA
Figure 7. The structures of the three trialkylsilyamines studied in this project

The general reaction scheme below was provided by the work of Rohan et al. and Switzer
et al. 23,26.
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Figure 8. General reaction scheme for the synthesis of 3-aminopropyl
trialkylsilylamines. The R-group is swapped out with the desired alkyl group 23,26.
R=Ethyl-, Propyl-, Hexyl-

The basic outline of this synthesis is simple. It can be broken down into three steps;
mix, reflux, and purify. Each synthesis produced approximately 11-15 mL of a ML sample.
The reactants and the quantities used are presented in Table 1.
Table 1. Reactants used in Trialkylsilyamine ML syntheses
Manufacturer and Purity
Reactant
Quantity
Platinum catalyst (Pt
0.6 mL
Aldrich (2% Pt in xylenes)
DVDs, )
Allylamine
12 mL
Aldrich (98%)
Toluene
40 mL
Aldrich (anhydrous, 99.8%)
Trialkylsilane*
13 mL
Aldrich (99%)
*The trialkylsilane changes depending on which ML is desired to be synthesized;
more information on them are provided in Table 2.
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The equipment setup for the mixing and reflux steps are presented in Figure 9.

Thermocouple placed
under round bottom
flask on top of heating
mantle

Condenser

N2 into
flowmeter
water

Figure 9. Apparatus set up for refluxing of toluene, PtDVDs, Allylamine,
Trialkylsilylamine solution in a 100mL three necked round bottom flask (rbf).

After the equipment was setup, a 100mL three necked round bottom flask (rbf) is readied
for refluxing by sealing one end neck with a septum and a thermometer was used to seal
the opposite end. A magnetic stir bar was added into the empty rbf before sealing with the
condenser as pictured. The entire system was closed by sealing the condenser with another
septum and then was purged with N2 gas for 20 minutes.
After fully purging, the reactants were introduced through the septum into the rbf in
the following order: trialkylsilane, Pt-DVDs, toluene, and finally allylamine. The solution
was heated to 110 C and refluxed overnight. The progress of the reaction was monitored
Podder 15

using 1HNMR by tracking the disappearance of the Si-H peak in the trialkylsilane reactant.
The two figures below indicate which peaks were observed.

Figure 10. 1HNMR spectrum of Trialkylsilane, toluene, allylamine, Pt-DVDs solution
pre-reflux with the Si-H signal indicated.
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Figure 11. 1HNMR spectrum of Trialkylsilane, toluene, allylamine, Pt-DVDs solution
after 3 hours of refluxing with the disappearance of the Si-H signal indicated.

After refluxing, the solution was purified in a two-step process. The initial step was to
rotary evaporate the excess toluene and unreacted allylamine. The evaporation process
was done at 55 C and pressures of 10-15 mbar. The remaining solution was then required
to be distilled. The equipment set up for the vacuum distillation process is shown in the
Figure 12.
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3-pronged flask
capture system
Insulated rbf
Solvent
Trap

vacuum gauge

Vacuum pump

Figure 12. Setup for the vacuum distillation process.

After transferring the remaining solution to another rbf and moving it into the distillation
setup, the chiller was filled with dry ice and acetone to prevent the vacuum pump from
being exposed to solvents. The sample and setup was then evacuated to at least 5mbar and
heating was started. The rbf was heated to the distillation temperatures of the
trialkylsilylamine being synthesized and the ML was separated from the platinum catalyst.
Podder 18

The ML was captured in the collection flask as indicated in Figure 12. The distillation
temperatures and yield of the syntheses are presented in Table 2.
Table 2. Trialkylsilylamine Distillation Temperatures
Synthesized Molecular
Liquid

Corresponding
Alkyl Silane
Derivative

Distillation
Temperatures
(C)

Triethylsilane

65

Tripropylsilane

78

Trihexylsilane

135

TEtSA

TPSA

THSA
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2b. Conversion of Molecular Liquid to Reversible Ionic Liquids
These studies were done on both the ML and RevIL phases of these silylamines.
Conversion of MLs to RevILs was done usually with two mL of ML in two dram glass vials.
The vials were assembled by capping the top with a rubber septum and then sealing it with
tape. The vial-septum-tape (VST) container (Figure 13) was then nitrogen purged for 15
minutes to minimize the carbon dioxide content before ML was added. Weights of the VST
container and needle were taken and the desired amount of ML was added. Using a 6 inch
18-guage stainless steel needle and a disposable 21 gauge needle to vent, CO2 was bubbled
into the solution for one hour.

Figure 13. Vial-Septa-Tape setup for converting ML solutions to RevIL.
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In a neat solution of ML, the exothermic conversion was marked by a very
noticeable increase in viscosity of the solution. The viscosity change and difference
between the ML and RevIL phases are well studied

23.

Fully converted RevILs were

gravimetrically analyzed using the weights of the VST and needles pre- and post- CO2
bubbling. These weights were used to calculate the CO2 uptake capacities and those values
were compared to those reported by Switzer et al. from their work on exploring these
molecules for carbon capture systems 25. Their work hypothesized that the CO2 uptakes by
these RevILs are from a combination of chemisorption and physisorption. They also
indicated that it is possible that there is some carbamic acid formation, which accounts for
the elevated carbon dioxide absorption 25. If chemisorption only occurred when converting
molecular liquids, the theoretical uptakes would only be 0.5 mol CO2/mol ML; the actual
values are 25-30% higher.
Table 3. CO2 uptakes of Trialkylsilylamines using 18 guage needles
Experimental CO2
Silylamine RevIL
uptakes (mol
CO2/mol ML)**
TEtSA
0.63
0.570.02
0.590.03
TPSA
0.64
0.63
THSA
0.67
*CO2 input using a porous C diffuser tube at Georgia Tech by Switzer et al. 25
**CO2 input using a 18 gauge needle at CCNY for this study.
CO2 uptake (mol
CO2/mol ML)*

The differences observed in our experimental values and the values found by
Switzer are associated with the differences in the CO2 input methods used. The porous
diffuser tube used in the work of Switzer allowed for greater diffusion of CO2 compared to
the needle used for the work in this thesis.
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2c. Addition of Solvents and Zinc salts.
The effect that different solvents and zinc salts have on the conductivity of these
systems was also studied. Preparing these solutions was slightly different from preparing a
pure ML solution. Solvents were added to the VST along with the ML post-N2 purging. This
binary solution was then bubbled with CO2 using the process described above. Table 4
provides information on the types of solvents used.
Table 4. Properties of organic solvents
Organic Solvent

Type of Solvent

Methanol
DMSO
Toluene
Hexane

Polar protic
Polar aprotic
Nonpolar
nonpolar

Boiling Point
(C)
64.7
189
110.6
68

Dielectric
Constant
32.6
46.6
2.38
1.89

Adding zinc salts was done in a similar fashion but the zinc salts were weighed out into an
empty vial and then the vial was septum sealed and purged with N2; 0.1M solutions of zinc
salts were prepared. Table 5 provides information on the different salts used.
Table 5. Properties and solubility of zinc salts in TEtSA-DMSO solution
Mass
(g/mol)
136.28

Solubility in
ML-DMSO
Yes

Solubility in
RevIL-DMSO
Yes

219.51

Yes

Yes

ZnSO4  H2O

179.45

No

No

(CF3SO3)2Zn

363.53

Yes

-

Zinc Salt Name

Formula

Zinc Chloride
Zinc Acetate
Dihydrate
Zinc sulfate
monohydrate
Zinc trifluoro
methane sulfonate

ZnCl2
Zn(CH3COO)2 
2H2O
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2d. Setup for Conductivity Studies.
Assessing the viability of these systems for their use in battery systems involved
measuring their conductivities. Using conductivity, we were able to obtain a measurement
that represents charge carrying capacity by the ions within our electrolyte analog system.
Conductivity was measured using impedance spectroscopy using a potentiostat (Interface
1000, Gamry Instruments) and using a low-volume cell that was constructed in house. The
cell used two 0.762 mm diameter platinum wires manufactured by Alfa Aesa (99.95%
purity) and a 1 ml class A volumetric flask. The resistivities measured by the potentiostat
were converted to conductivity through the use of the equation 4.



[eq. 4]

Conductivity is represented by σ, resistivity by Ω and cell constant by C. Using a standard
solution of 0.010 M KCl from Ricca Chemical, whose conductivity at 25 C is known, a cell
constant was obtained. A picture of the electrode cell is present in Figure 14.

Figure 14. In house constructed resistivity measuring electrode.
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When conductivity measurements were taken as a function of temperature, the cell
with the sample solution was placed in a jacketed beaker system. The jacketed beaker
system works by flowing a heating or cooling fluid within the walls of the beaker and a
solution poured into the beaker would experience temperature changes due to conduction
with the walls of the beaker. Water was flowed from a chiller into the walls and the beaker
bath was also filled with water. Once a temperature was programmed for the chiller, the
entire system would reach that temperature as water circulated through. A thermometer
was placed in the bath to measure the real temperature within the system. The cell filled
with the solution that needed its conductivity test would be placed in the bath. Resistivity
measurements were taken by potentiostat only after the cell was allowed to equilibrate for
at least 10 minutes to the desired temperature. Figure 15 represents the setup for the
temperature bath.

Figure 15. Jacketed beaker system that was used to take conductivity
measurements at different temperatures.
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2e. Viscosity measurements.
Viscosities of the solutions were measured using the DIN concentric cylinders
method in a rheometer (Ares G2, TA instruments). This method was used because the
viscosities of the RevIL in DMSO solutions were less than 100 cP. Viscosity studies required
preparation of a 30 mL sample. Large RevIL samples were prepared following the
procedures described above in a 50 mL rbf rather than a 2 daram vial. The viscosity
measurements were done at temperatures from 20 -70 C by ramping up every 10 degrees.
The errors of these measurements are at 1 standard deviation.
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Section 3: Results and Analysis.
3a. Preliminary Conductivity Studies.
After synthesizing the three MLs of TEtSA, TPSA, and THSA, the first property
studied was the conductivities of the neat ML and RevIL at room temperature (Table 6).
Table 6. Neat RevIL and ML conductivities
Silylamine
TEtSA
TPSA
THSA

Conductivity of
ML (mS/cm)
0.0021
0.0012
0.0012

Conductivity of
RevIL (mS/cm)
0.0018
0.0010
0.0011

As expected from the work done by Jimenez et al. using TEtoxySA 22, the pure ML and RevIL
phases of these trialkylsilyamines have such low conductivities, they are essentially
nonconductive. The next natural step was to observe how the conductivity values for both
phases change in the presence of different solvents.
Since Jimenez's initial studies were done using TEtoxySA, using its alkyl
counterpart, TEtSA, provides a preliminary basis for comparison. To begin, approximately
10 mol% TEtSA ML was mixed with different organic solvents. After adding CO2, the TEtSA
ML-solvent solutions were then converted to TEtSA RevIL and conductivities were
measured. Due to the stoichiometry of the reaction, the solutions would become 5 mol%
TEtSA-RevIL in the organic solvents. Figure 16 shows the conductivity results of TEtSA in
the different organic solvents.
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Figure 16. Conductivity measurements of 10mol% TEtSA ML and corresponding
5mol% TEtSA RevIL in various types of organic solvents.

As expected, conductivities of TEtSA in these organic solvents follow a similar trend
as their TEtoxySA counterparts. The solution with methanol, a polar protic solvent, had the
highest conductivities in both the ML and RevIL solutions. Following the methanol solution,
the solutions with DMSO, a polar aprotic solvent, had the next highest conductivity. The
solutions containing toluene and hexane, both nonpolar organic solvents, had the lowest
conductivities and were essentially nonconductive.
There have been several studies in the literature with traditional ionic liquidorganic solvent solutions. These studies typically found that there was a correlation
between the ion dissociation and conductivity 27,28. Yang et al. investigated the conductivity
of the ionic liquid, [Bmim][Cl], in protic and aprotic solvents

27.

They found a correlation

between the dielectric constants of solvents and the hydrogen bonding effects of the Clanion 27. It was hypothesized that these were the important elements in reducing viscosity
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and increasing conductivity 27. Based on this prior work, Jimenez et al. theorized similarly
that the conductivity strength of the TEtoxySA-RevIL solvent solutions was directly caused
by how well the anion-cation pairs of the RevIL were dissociated by the solvent

22.

The

same principles would apply to TEtSA RevIL. In a pure RevIL solution, the ion pairs are so
strongly attracted to each other that there was no net charge flow; this would result in a
low conductivity value.
Dielectric constant and solvent type was also observed to have an effect on
improving conductivities of solutions. The dielectric constant represents the ability of a
substance to propagate an electric field. Table 4 shows properties of the solvents used.
TEtSA-RevIL is considered similar to a protic IL; this leads to a polar protic solvent like
methanol being able to theoretically individually solvate the anion and cation of the RevIL
ion pair. Conversely, nonpolar solvents like toluene and hexane would solvate the anioncation pair together. Using an aprotic solvent like DMSO only partially dissociated the
RevIL ions, which would lead to a lower conductivity than in methanol but higher than the
nonpolar solvents. Separation of the anion-cation pair by the solvent appeared to be the
most important factor in what determined conductivity strength. Similar observations
were made by the Ludwig group during their study into the anion-cation interactions of
polar ionic liquids and by the work of Jimenez on the TEtoxy-RevIL solutions 22,28. Jimenez
presents a detailed visual illustrating the effect that the solvents had on the anion-cation
pairs of these RevILs in the figure below.

Podder 28

Figure 17. Visual of how the anion-cation pair of the RevIL is able to dissociate in
various solvents. green positive circles represent cations, red negative circles
represent anions and gray circles represent neutral solvent molecules (a) a solution
of pure RevIL (b) a solution of RevIL in nonpolar or weak solvent (c) how partial
RevIL ion pair dissociation in an aprotic solvent would appear (d) full anion-cation
dissociation in a protic solvent 22

DMSO with its boiling point of 189 C is able to withstand the higher temperatures
that are reached during the exothermic conversion of ML to RevIL and the high
temperature stress that is expected to be placed on the solutions in the later experiments.
When methanol was used as a solvent, the conductivity was higher in both states of the
silylamine, but due to its low boiling point (64.7 C) it would not be feasible for use as a
solvent in elevated temperature studies. For this reason, the majority of the remaining
studies were done using DMSO as the primary solvent.
The conductivity as a function of mol% of TEtSA-RevIL in DMSO was obtained to
compare against its TEtoxySA counterpart.
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Figure 18. Conductivity Profile of TEtSA-RevIL and TEtoxySA-RevIL for low mol%
(2-8) RevIL in DMSO

As we can see from Figure 18, the conductivities for TEtSA solutions are higher than in
their TEtoxySA counterparts. In the TEtSA solutions, highest conductivities were observed
between the 5 and 6 mol% range, while Jimenez et al. found that the highest conductivity
for TEtoxySA at 6 mol% in DMSO

22.

Reasons for this observed conductivity difference

between the trialkylsilyamine and the triethoxysilylamine could possibly be a result of the
degree at which the silyl ammonium-carbamate ions have been solvated in solution.
Because DMSO is aprotic, the observed conductivities in the solution are mostly due to the
charge carrying capacity of the ammonium-carbamate RevIL ions. It is possible that the
TEtSA-RevIL solution had higher conductivity because DMSO was able to better dissociate
the TEtSA ions compared to the TEtoxySA solution. The more separated and solvated the
ions are from each other, the better the charge transport properties would be.
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Other possible reasons to explain this conductivity difference can be a difference in
sizes between the TEtSA and TEtoxySA RevIL ions. TEtSA RevIL has a mass of 390.76 g/mol
and TEtoxySA RevIL has a mass of 486.75 g/mol. This additional mass on the TEtoxySA
comes from the additional oxygen atoms the silicon atom has on it. The additional atoms
can attribute to a larger cross sectional diameter. This increased size could possibly have
detrimental effects to the conductivity of the solution.
The fact that the trialkylsilylamine has comparable conductivities to their
trialkyloxysilane counterpart and shows a similar ability to drastically change in
conductivity when transitioning from ML to RevIL phases indicates preliminary promise
for their relevance in a safety switch concept.
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3b. Effect of Alkyl Chain Length on Conductivity
Solutions of 5 mol% TPSA and THSA RevIL in DMSO were prepared in order to
understand how silylamine structure affects its conductivity. The conductivity results
compared with TEtSA and TEtoxySA RevIL in DMSO are presented below in Figure 19.
10

Conductivity (mS/cm)

10 mol% ML in DMSO
5 mol% IL in DMSO

1
Phase Separation

0.1

0.01
TEtoxySA

TEtSA

TPSA

THSA

Type of RevILs
Figure 19. Conductivities of different silylamines in both their ML (dark grey) and
RevIL (light grey) states in DMSO. The solutions of TPSA ML-DMSO and both THSA
ML and RevIL-DMSO solutions were found to be immiscible with each other.

During sample preparation, it was found that TPSA ML and THSA ML were not soluble in
DMSO; the DMSO and ML separated out into two separate phases. TPSA RevIL was able to
form a homogeneous solution in DMSO like its TEtSA and TEtoxySA counterparts; THSARevIL appeared to be only partially soluble in DMSO at the concentration evaluated.
A reason for these phase separations may be that the hydrocarbon chains in TPSA
and THSA might cause the ML to be too nonpolar for a polar solvent like DMSO to fully
solvate the ML . Blassuci et al. used Nile red to probe the polarities of TEtSA and TPSA and
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found that these silylamines became less polar as the alkyl chain length was increased

18.

The trend towards lower polarity for THSA is expected. THSA ML being immiscible in
DMSO and only partially soluble in the RevIL state supports their findings. This polarity
difference results in the two solutions separating out with the less dense ML resting on top
of the denser DMSO. Conductivity measurements were not taken for the heterogeneous
solutions.
In order to form fully homogeneous solutions for all the RevILs, protic methanol was
used with these protic RevILs. Repeating the experiment in methanol yielded a more
observable conductivity trend; all RevILs and MLs in methanol were miscible.

Figure 20. Conductivities of different silylamines in both their ML (dark grey) and
RevIL (light grey) states in methanol.

The results in Figure 20 above indicate that there is a clear trend with how conductivity
behaves with the size of the alkyl chain on the silicon atom. As the chain length increased,
the observed conductivity of the solution decreased. The 5 mol% TEtSA-RevIL methanol
Podder 33

solution had the highest conductivity while 5 mol% THSA-RevIL methanol solutions had
the lowest. The 10 mol% ML methanol solutions followed a similar trend. The higher
conductivities in the methanol compared to DMSO likely arise from methanol being a protic
solvent; allowing it to better dissociate the ions of RevILs than the aprotic DMSO. The ions
of the alkyl RevIL-methanol solution most likely closely resemble the configuration in
Figure 17d as presented by Jimenez et al 22. The highest conductivity observed with TEtSA
RevIL is most likely because methanol is effectively separating the cations and anions from
each other. The greater dissociation of the ions, the higher the observed conductivity would
be. In TPSA and THSA RevILs the effectiveness of methanol in this ion separation process
most likely diminishes because of the longer alkyl chain. The number of cations and anions
that remain together increases and the solution configuration begins to resemble that of
Figure 17c. In addition to this, the general transport of the larger alkyl chained RevIL ions
would be slower than the smaller ones.
TPSA RevIL was the trialkylsilylamine, other than TEtSA, that is miscible in DMSO.
To compare against the TEtSA and TEtoxySA profiles presented in Figure 18, a conductivity
profile of TPSA RevIL in DMSO over a 2-8 mol% range was obtained. The results in Figure
21 show that the TPSA RevIL solution has lower conductivities than both the TEtSA and
TEtoxySA RevIL solutions at all mol% solutions.
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Figure 21. Comparison of the conductivity profiles for TPSA, TEtSA, TEtoxySA
RevILs in low mol% DMSO solutions.

TPSA RevIL (474.91 g/mol) is lighter than TEtoxySA RevIL but heavier than TEtSA RevIL.
The extra carbon on its alkyl chains makes the ions of TPSA RevIL very similar in size to the
TEtoxySA RevILs. Despite this size similarity, TPSA had lower conductivities; this indicates
that polarity and their molecule-solvent interactions as the key to understanding their
conductivities. The Niles red work done by Blasucci et al. supports this. They found that
TEtoxySA had slightly higher Nile red λmax values than TPSA in both the ML and RevIL
phases

18.

This indicates that both phases of TEtoxySA are more polar than TPSA. TEtSA

RevIL actually had a lower λmax value than TEtoxySA RevIL indicating that it is less polar
than TEtoxySA RevIL. Despite this, the TEtSA DMSO solution had the higher conductivities;
this difference can most likely be associated with the sizes of each ion described above.
The effect of alkyl chain length on conductivity has only been studied on traditional
ionic liquids. Papović et al. investigated how conductivity changes in imidazolium-based
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ionic liquids when the alkyl chains on their cations were varied

29.

The structures of their

study's ionic liquids are presented in the figure below.

Figure 22. (top) 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
[Cnmim]+ [NTf2]. R1 (alkyl chain)= ethyl, octyl, ethyl). (bottom) 1-alkyl-2,3methylimidazolium bis(trifluoromethylsulfonyl)imide, [Cnmmim]+ [NTf2]-. R2 (alkyl
chain)=methyl, propyl, butyl). These Ionic Liquids were used in the conductivity
study done by Papović et al. 29

The studies they had conducted were on both neat solutions of these ionic liquids and in
binary mixtures. In their mixture studies, the ionic liquids were mixed with a polar aprotic
solvent, γ-butyrolactone (GBL) and conductivity measurements were taken both at
different temperatures and varying mole fractions of ionic liquid 29.
Similar to our work, they found that there were conductivity maximas at low mole
fractions (approximately 20 mol %) of ionic liquids in GBL. Their work noted that ionic
liquid-GBL solutions exhibited significantly higher conductivity than the pure ionic liquid
solutions. It was observed that the solutions with longer alkyl chained ionic liquids also had
lower conductivities, similar to what is observed with the RevIL in this project 29. The work
in their manuscript also attributes the increased conductivity in the binary solutions to the
solvation effects of the solvent. A prior paper published by their group studied the effect of
alkyl chain length on physiochemical properties of these same solutions 30. They suggested
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that due to hydrophobic interactions, there could be self-aggregation between the alkyl
groups of the immidazole ions in solution, creating hydrophobic domains within the
solution

30.

Longer alkyl chain lengths increased the densities of domains, creating a

heterogeneity between polar and non-polar domains in the mixture

30.

It is possible that

these nonpolar domains in the solution could lead to the lower electrical conductivities
observed in the longer alkyl chained ionic liquid solutions. Our experimental results
indicate that similar interactions are occurring within the RevIL-solvent systems studied in
this project.
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3c. Effect of Metallic Salts in TEtSA-RevIL and DMSO Solutions
In order to possibly use these RevILs as a part of an electrolyte system, their
interactions with the metallic component of electrolytes must be understood. With recent
advances with the studies of zinc batteries, zinc salts were studied for their effects on
conductivity on these RevIL systems31-33. Various zinc salts were added to solutions of 5
mol% TEtSA-RevIL in DMSO. This silylamine was selected because the high conductivities
were observed in this solution. Table 5 shows the zinc salts that were used in this study
along with their solubility in the different phased solutions. The solubility observations
were made when preparing 0.1M salt solutions.
Conductivity measurements were taken for the ML and RevIL phases of the
solutions; these results are presented in Figure 23. Conductivity measurements were not
taken for the zinc sulfate monohydrate solutions because of the insolubility of the salt. It
was also observed that zinc trifluoromethane sulfonate was soluble in the ML and DMSO
solution but the same solutions would experience a phase separation between the RevIL
and DMSO upon conversion. This made the solution unsuitable for conductivity studies.
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Figure 23. The effect that the addition of zinc salts had on conductivity of TEtSA in
DMSO solution.

The results from this study show that if a suitable metallic salt is selected, the
overall conductivity of the RevIL solution will increase. Salts like zinc chloride and zinc
acetate dihydrate were very soluble in both phases of the solution and also improved the
overall conductivities of the solution by 20 to 40%. The higher conductivities are a result of
the improved charge carrying capacities of the metallic salts and the presence of additional
carriers. The final overall conductivities of the electrolytes are important because typical
commercial Li-ion batteries have electrolytes that have conductivities in the range of a few
S cm-1 34. The typical Li-ion batteries that have LiPF6 salts in EC/DMC organic solvents have
an electrical conductivity of 10.7 S cm-1 for a 1 M solution 34.
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3d. Temperature Effects on Conductivity
To understand the efficacy of using TEtSA as a reversible safety switch, the role that
rising temperatures have on the system must be understood. Temperature was varied for a
solution of 5mol% TEtSA RevIL in DMSO using a water bath in system described in Figure
15. Since the freezing point of DMSO was 19 C, the lowest temperature that conductivity
measurement was taken before the solution froze was 17 C. The highest temperature
reached was 75 C. Because water was being used in the chiller to cool and heat the
systems, higher temperatures were not able to be reached. The results are presented in
Figure 24.
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Figure 24. Conductivity as a function of temperature for two samples of TEtSA
RevIL in DMSO.

As temperature was increased, the conductivity of the solution also increased
linearly. Logically, as temperature increases, RevIL ions in solution have more kinetic
energy to move about and induce a greater conductivity. Similar results were seen in the
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work of Papović et al.; all the imidazolium ionic liquid-GBL solutions they studied exhibited
higher conductivities as temperature was increased 29. What is interesting of this study is
the fact that there were no maxima observed in this trend. The preliminary work of Rohan
et al., indicated that the reversal temperature of pure TEtSA RevIL was at 71 C 23. At this
temperature, the RevIL in solution should theoretically revert back to its ML phase; this
phase change would have been marked by a drop in conductivity.
Table 7. Reversal Temperatures of RevILs 23
RevIL
TEtSA
TPSA
THSA

Reversal
Temperature (C)
71
64
51

It is possible that the presence of DMSO causes the reversal temperature to be observed at
a higher temperature and that temperature was not attained in this experiment. Further
investigation would be needed to understand the phenomena.
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3e.Temperature-Viscosity Study and Walden Plot
To fully understand the degree to which the ions of this TEtSA RevIL-DMSO
electrolyte solution are participating in the transport of charge, an ioncity analysis using a
Walden plot was done. Walden plots use the relationship between temperature, molar
conductivity, Ʌm, and viscosity to compare solutions to an ideal electrolyte, 0.010 M KCl.
This plot can give an idea of the extent of ion dissociation that occurs in the solution.
Viscosity measurements were taken of the 5mol% TEtSA RevIL solution from a range of 20
to 70 C. Figure 25 below shows how rising temperatures influence the viscosity of the
RevIL-DMSO solution. It is interesting to note that even though the solution is 95 mol%
DMSO, the addition of TEtSA RevIL makes the solution significantly more viscous. The
viscosities of pure DMSO are also represented in the graph below. The viscosity of the
solutions both follow the typical trend of liquids where viscosity decreases as temperatures
increase.
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Figure 25. Viscosity as a function of temperature for 5 mol% TEtSA RevIL solution
in DMSO compared to the viscosities of pure DMSO*.
*DMSO viscosity data provided by Gaylord Chemical Company 35

Molar conductivity is calculated using the conductivity data in Figure 24 and the equation
below.
Ʌ

[eq. 5]

The M in this equation represents molar electrolyte concentration and σ is the
experimentally derived conductivity. A Walden plot was generated using equation 5 and
the viscosity data (Figure 26).
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Figure 26. Walden plot of TEtSA-RevIL in DMSO. The points being close to the 1%
ideality line strongly indicates that the aprotic solvent is inefficient at fully
dissociating the TEtSA RevIL ions.

Interestingly, the ionicity results of these TEtSA solutions are very similar to what was
observed by Jimenez et al. for their work with TEtoxySA in DMSO 22. Figure 27 shows their
ionicity results using different mole fraction of TEtoxySA RevIL in various organic solvents.
Their work held temperature fixed and varied the concentrations of RevIL in order to
achieve a viscosity gradient.
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Figure 27. Walden plot of different mole fractions of TEtoxySA RevIL mixed with
various organic solvents 22.

Their work observed that TEtoxySA RevIL in DMSO had an ionicity slightly above the 1%
ideality line. These results indicate that the RevIL ions in TEtSA and TEtoxySA had ions that
have not fully dissociated and further supports the hypothesis that the ions would appear
to have the configuration as presented in Figure 17c.
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Section 4: Conclusions and Future Work
The research presented in this thesis provides a preliminary understanding on how
this class of silylamines could be used in a thermal safety switch. The effects of solvent type
and the length of the alkyl chain on these silylamines were studied. These
trialkylsilylamines were found to be soluble in protic methanol and in soluble in nonpolar
solvents. Solubility in aprotic DMSO was noted to decrease as alkyl chain length increased.
Conductivity was also found to decrease as chain length increased. An in-depth study was
performed using TEtSA RevIL in DMSO as the model. How the conductivity of this solution
changed in response to the addition of zinc salts and increasing temperatures was
investigated. The additions of zinc salts were found to increase the conductivity in the
TEtSA DMSO solutions. Temperature was also found to affect conductivity similarly. A
Walden plot was presented in order to understand the ionic ideality of the solution. The
ionicity of the 5 mol% TEtSA RevIL-DMSO solution was very similar to what was found by
Jimenez et al. in their TEtoxySA RevIL in DMSO 22. The results of the TEtSA solution is close
to the 1% ideality line, indicating that a large portion of the RevIL ions remain unsolvated
in solution.
Although much of the focus of the work went into studying TEtSA, other notable
phenomena were observed with the results with TPSA. This particular silylamine was
found to have its ML phase be insoluble with aprotic DMSO but miscible with its RevIL
phase. In addition, TPSA RevIL in DMSO was noted to be conductive. This solubility
property could be interesting for its relevancy towards a safety switch. It could be possible
to create a system where the non-conductivity in the ML phase could be a result of the ML
phase being immiscible with the solvent. One can also imagine a system where solubility is
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further exploited creating a way for any metallic salts to precipitate out of the electrolyte
solution when high temperatures cause the formation of ML. This approach would make
the electrolyte solution less conductive at high temperatures.
To fully understand this system's viability, further work would need to be done. The
temperature studies were limited and reaching higher temperatures would be necessary in
order to understand when the RevIL solution reverts to its ML form. In addition, it is
necessary to conduct a reversibility study on the system. It is important that the ML phase
is able to revert back to the RevIL phase without any detriments to the conductivity
operation of the electrolyte. In addition, understanding the rate at which the RevIL and ML
switch occurs would also be important. A kinetic study can be done to understand the rate
of switch from ML to RevIL. Several papers that study amine based ionic liquids used for
carbon capture provide a great analog for this type of study

36.

The rate of switch from

RevIL to ML can be studied using differential scanning calorimetry and thermogravimetric
analysis.
Given the results in this thesis, using RevIL holds great promise for their application
in a thermal safety switch. But at the same time requires much more study to fully
understand and develop a proper system.
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